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A  COMB  PmCER  FOR  USE  IN  TRACKINO  SATELLITES 


ABSTRACT 

This  report  presents  the  design  and  evaluation  of  a  I80  element  comb 
mter.  This  unit  vas  developed  in  conjunction  with  the  ARPA  Satellite 
Pence  program  for  the  detection  and  tracking  of  non-radlatlng  satellites. 
The  primary  purpose  of  this  comb  filter  la  to  detect  and  measure  the 
ft-equency  of  short  duration  Doppler  signals  in  the  presence  of  noise. 

The  filter  elements  have  a  bandwidth  of  10  cps  and  are  spaced  20  cps 
apart  to  cover  a  3800  cps  frequency  range.  A  multiple  pen  analog 
recorder  Is  used  to  record  Individual  filter  outputs.  The  evaluation 
Includes  data  on  simulated  as  well  as  actual  satellite  signals. 
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UTERODUCTION 


The  Ballistic  Research  Laboratories  have  been  engaged  in  tracking 
satellites  since  the  first  Sputnik  on  October  4,  I957.  This  tracking 
was  accomplished  with  the  DOiPLOC  (DQploc  Phase  LOCk)  system.  Tracking, 
in  this  case,  means  the  reception  of  radio  frequency  signaJ-s  and  the 
recording  of  their  frequency  versus  time  characteristics.  The  frequency 
shift  is  a  result  of  the  Doppler  effect  associated  with  a  moving  source. 
The  received  signals  were  so  weak  that  a  phase-locked  tracking  filter 
was  required  to  separate  the  signal  from  the  noise.  The  signals  were 
obtained  either  directly  from  a  satellite  borne  transmitter  (active) 
or  indirectly  from  a  ground  transmitter  by  reflection  from  the 
satellite  (passive).  A  very  brief  description  of  DOPLOC  will  be 
presented  here  as  a  background  for  the  comb  filter  requirements.  The 
block  diagrams  presented  have  been  greatly  simplified  and  equipment 
not  directly  related  to  the  comb  filter  has  been  omitted. 

Figure  la  is  a  block  diagram  of  the  DOPLOC  receiving  system  for 
tracking  active  satellites .  With  the  signals  received  from  cuitlve 
satellites,  low  gain  broadbeam  emtennas  were  used  with  a  manually 
locked  narrow  bandwidth  tracking  filter.  The  filter  had  bandwldths 
from  0.5  to  50  cps  which  gave  a  slgnal-to-nolse  (S/n)  improvement  up 
to  42  db.  This  unit  provided  a  clean,  continuous  output  Doppler 
signal.  The  results  obtained  with  this  system  were  excellent. 

Continuous  Doppler  signals  were  received  throughout  the  passage  of 
satellites  frcxn  horizon  to  horizon.  Multiple  satellites  were  tracked 
by  having  a  tracking  filter  for  each  signal.  Figure  lb  shows  a 
typical  Doppler  data  curve  of  frequency  versus  time. 

With  the  advent  of  passive  tracking,  the  DOPLOC  system  was  extended 
to  Include  lllvimlnatlng  the  satellite  and  receiving  reflected  Doppler 
signals.  Because  of  the  relatively  weak  received  signals  in  the  passive 
or  reflection  system,  high  gain,  narrow  fan  beam  antennas  had  to  be 
enqployed.  The  Interim  DOPLOC  Satellite  Fence  stations,  as  set  up  in 
September  I959  under  ARPA  sponsorship,  contained  three,  fixed,  8°  X  80° 
beamwldth  antennas  with  the  same  type  of  receivers  and  phase-locked 
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filters  used  vith  the  active  satellite  tracking  system.  This  system, 
shown  In  Figure  2k,  no  longer  produced  continuous  data  but  gave  three 
portions  of  the  Doppler  curve  as  shown  In  Figure  2B.  Received  signals 
above  the  noise  threshold  lasted  ^  to  6  seconds  In  the  center  beam  and 
1^  to  20  seconds  In  the  north  and  south  beams.  These  signal  durations 
were  so  short  that  manual  lock-on  of  the  tracking  filter  was  no  longer 
feasible.  An  automatle  system  was  designed  which  located  the  desired 
signal  and  locked  the  tracking  filter  to  It.  This  automatic  lock-on 
system  functioned  reasonably  well,  but  It  did  not  provide  maximum 
sensitivity  or  acquisition  capability. 

The  final  system  as  proposed  to  ARPA  Is  shown  In  Figure  3A.  This 
system  contained  a  1.4^  x  4o°  scanning  fan  beam  antenna.  The  scan  rate 
was  high  cosqwred  to  the  satellite  rate  of  travel  and  data  were  to  be 
obtained  at  short  Intervals  throughout  the  c\urve  as  shown  In  Figure  3B. 

The  phase-locked  tracking  filter  was  no  longer  compatible  with  this  type 
(short  duration)  signal,  even  with  the  use  of  an  automatic  lock-on  system. 
A  new  filter-recorder  combination  was  required  which  could  locate  and 
record  short  duration  signals.  This  lead  to  the  development  of  the  comb 
filter  herein  described. 
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SYSTEM  AND  COMB  PARAMETERS 


System  Considerations 

The  comb  filter  design  Is  related  to  the  electrical  noise  and 
signed  environment  In  which  It  must  operate.  This  environment  can  be 
divided  Into  three  parts;  desired  signal,  noise,  and  spurious  signals. 
These  signals  are  determined  by  the  DGPLOC  system  parameters.  Therefore, 
a  more  detailed  look  at  the  DQPLOC  system  Is  required  to  determine  Its 
output  signal  characteristics. 

A  major  advantage  of  the  DOPLOC  Satellite  Fence  Is  Its  Inherent 
ability  to  provide  all  of  the  orbital  parameters  from  the  data  obtained 
during  a  single  pass  of  a  satellite.  A  minimum  of  twelve  data  points 
are  considered  necessary  to  provide  an  adequate  orbital  solution. 

Therefore,  the  euitenna  configuration  and  motion,  which  determine  the 
number  of  data  points,  must  be  tailored  to  provide  at  least  twelve 
data  points.  In  addition  to  this  restriction,  there  are  three  other 
basic  parameters  which  determine  the  signal  conditions.  They  are  the 
carrier  frequency,  the  satellite  velocity,  and  the  slant  range  to  the 
satellite.  A  carrier  frequency  of  108  me  and  satellite  velocity  of 
300  miles  per  minute  give  a  Doppler  frequency  shift  of  approximately 
12  kc.  All  three  parameters  determine  the  rate  of  change  of  frequency, 
which,  at  closest  approach.  Is  2^  cps/s  at  a  satellite  altitude  of  1000 
miles  and  100  cps/s  at  100  miles  ed.tltude.  The  maximum  rate  of  change  of 
frequency  of  100  cps/s  determines  the  minimum  usable  bandwidth  of  10  cps. 
This  bandwidth  In  turn  sets  the  time  available  to  recognize  a  slgneuL  at 
100  milliseconds .  This  time  of  100  milliseconds  determines  the  maximum  scan 
rate  for  a  given  antenna  beomwldth.  Since  twelve  data  points  are  required 
on  each  pass,  there  Is  edso  a  minimum  scan  rate  associated  with  the  low 
altitude  passes.  If  the  antenna  scan  Is  made  fast  enovigh  to  obtain  at 
least  twelve  points,  where  each  point  Is  100  milliseconds  In  duration,  an 
euitenna  beamwldth  of  1.4  degrees  Is  required.  To  summarize,  the  desired 
signal  characteristics  are,  a  12  la:  frequency  shift,  a  maximum  rate  of 
change  of  frequency  of  100  cps/s,  and  a  signal  duration  of  100  milliseconds. 
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Spurlom  Signals 


In  addition  to  the  desired  signal,  there  are  other  slgneas  which  are 
present  and  In^jortant.  In  a  reflection  system  using  a  high  power  ground 
transmitter,  forward  tropospheric  scatter  generally  occurs  to  some  extent. 
Pleld  experience  Indicates  that  this  feedthrough  level  can  be  equal  to 
the  receiver  noise  level.  This  signal,  although  fixed  In  frequency,  must 
be  considered  In  the  filter  design. 

Meteors  also  present  a  problem.  Here,  field  experience  Indicates 
that  two  types  of  echos  are  present,  a  head  echo  and  a  trail  echo.  The 
head  echo  will  cover  the  entire  Doppler  frequency  range  at  a  very 
rate  of  change  of  frequency.  The  trail  echo  Is  relatively  fixed  In 
frequency  and  of  large  an^lltude.  The  trail  echos  generally  occur  near 
the  center  of  the  Doppler  frequency  band.  The  head  echos  are  discriminated 
to  a  large  extent  because  of  their  high  rate  of  change  of  frequency. 

Noise  Bandwidth  and  Amplitude 

Noise  bandwidth  and  noise  level  considerations  are  of  prime  Inqportance. 
The  noise  bandwidth  la  InqKJrtant  In  that  the  overall  bandwidth  reduction 
determines  the  dynamic  range  required  of  the  comb  filter.  The  noise  level 
must  be  considered  both  from  the  standpoint  of  absolute  level  and  variation 
of  level.  With  a  given,  fixed,  bandwidth  reduction,  the  noise  level 
determines  the  minimum  usable  signal  level.  The  vsirlatlon  In  level  Is 
lii5>ortant  In  the  automatic  gain  control  (AGC)  design.  The  R  590/A 
receiver  used  In  the  DOPLOC  system  has  a  maximum  I.  F.  bandwidth  of  I6  kc, 
which  Is  adequate  to  cover  the  12  kc  Doppler  frequency  shift.  The  mAYlrniini 
audio  signal,  without  any  danger  of  clipping.  Is  one  volt  r.m.s.  The  noise 
level  Is  a  function  of  the  receiving  antenna  orientation  with  respect  to 
cosmic  noise  sources,  as  well  as  the  receiver  gain.  An  overall  variation 
of  5  to  1  In  noise  voltage  output  of  the  receiver  Is  possible  due  to  the 
combined  variations  of  cosmic  noise  and  receiver  gain. 
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FILTER  CONSISeRATIOllS 
Ideal  and  Practical  Filter  for  Sine  Waves 

Once  the  Input  signal  characteristics  have  been  defined,  the 
p.rfoimnce  char«terl.tlc.  desire  for  the  comb  filter  mey  be  outlined. 
The  basic  comb  filter  Is  a  multlpUclty  of  narrow  band  elements  dlstrlb- 
uted  uniformly  through  a  given  freguency  band.  This  Is  shown  graphically 
In  Figure  l«.  The  problem  may  be  better  understood  by  first 
and  Ideal  filter  and  comparing  Its  operation  with  the  actual  filter 
Consider  an  Individual  Ideal  element  as  sho>ni  In  Figure  hs  to  be  10  cps 
wide  with  a  flat  top  and  having  Infinite  side  slope  attenuation.  This 
10  cps  filter  Is  placed  In  a  recording  circuit  as  shown  In  Figure  hO. 

The  circuit  contains  the  filter,  an  astpllfler  of  gain  K,  and  threshold 
circuit  «.d  a  recorder.  The  recorder  Is  an  go  n^go  device.  The  threshold 
and  recorder  combination  are  such  that  the  Input  to  the  threshold  circuit 
must  equal  or  exceed  a  given  level  for  the  recorder  to  operate,  let 
us  male  one  further  stipulation  that  the  circuit  have  unlimited  dynanlc 
range.  These  conditions  describe  an  Ideal  circuit  element.  To  further 
simplify  the  problem,  let  us  consider  the  effectiveness  of  the  circuit 
to  separate  only  two  sine  wave  signals;  first,  K,  the  desired  signal, 
whose  frequency  Is  contained  within  the  bandwidth  and  second,  E,  ,  the 
undeslred  signal,  with  variable  emplltude  and  frequency  but  ou^de  the 

bandwidth.  What,  If  any,  restrictions  does  this  Ideal  circuit  present 
to  these  two  signals? 

with  an  Ideal  filter  with  Infinite  side  slopes  at  the  Input,  the  un- 
desired  signal  may  be  aa  close  to  the  band  edges  as  possible  and  as  large 
In  amplitude  as  desired  and  It  will  never  present  any  Interfering  output 
signal  within  the  desired  bandwidth.  Thus,  there  Is  no  minimum  amplitude 
restriction  on  E^  aa  a  function  of  E^.  Also,  as  long  as  we  are  willing 
to  make  the  gain  K  large  enough  to  amplify  Ej,  to  E^,  EL  has  no 
level.  Ej  also  has  no  maximum  level.  The  signals  may  be  as  small  or  as 

large  as  desired  and  still  be  recognized,  and  each  will  operate  only  one 
circuit  element .  ’ 
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Let  us  replace  the  ideal  filter  with  one  of  finite  side  slope  of 
X  db/octave,  and  center  frequency  as  shown  In  Figure  and  consider 
Its  effect  on  the  frequency  and  anplitude  characteristics  of  and  E^. 

We  select  scxne  arbitrary  minimum  level  for  Ej^,  say  y  db,  and  plot  E^J^ 
as  a  function  of  frequency  which  will  provide  a  signal  level  of  y  db  at 

This  Is  shown  In  Figure  Since  we  have  an  attenuation  of  x  db/octave, 
a  signal  of  y  -f  x  db  one  octave  above  or  below  f  will  be  attenuated  to  y  db. 
Similarly,  for  two  octave  separation,  E^  can  be  y  -f  2  x  db  and  so  forth. 
Therefore,  If  the  signal  at  f^  due  to  E^  must  always  be  smaller  than  y, 
there  Is  a  limit  to  the  value  of  E^j^  as  a  function  of  its  frequency  proximity 
to  f^.  In  addition  to  the  Interference  produced  within  a  given  bandwidth,  a 
large  signal  can  activate  a  ntimber  of  circuit  elements  In  proportion  to  its 
amplitude.  This  Is  shown  In  Figure  A  signal  anqplltvide  of  y  -f  nx  db 
will  be  attenuated  x  db/octave  and  will  cover  n  octaves  before  going  below 
the  minimum  level  of  y  db.  This  will  operate  all  the  circuit  elements 
contained  In  n  octaves,  which  is  undesirable  when  reading  the  data.  If 
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only  one  circuit  element  Is  to  operate  i>er  signal,  some  type  of  AQC  ^iystem  Is 
required.  To  svunmarlze,  a  non-ideal  filter  requires  AGC  and  places  a 
restriction  on  the  ratio  of  as  a  function  of  frequency. 

Effect  of  Noise 


Let  us  consider  the  final  condition  of  separating  slgnsl  from  noise. 
We  assume  first  that  the  noise  is  uniformly  distributed  throughout  the 
frequency  band.  Then,  no  matter  which  type  of  filter  is  used  or  where  it 
is  positioned  In  the  frequency  band,  it  will  contain  noise.  Therefore, 
there  is  always  some  noise  introduced  Into  the  system.  The  amount  of  noise 
Is  a  function  of  the  total  noise  power  and  the  ratio  of  the  Input  bandwidth 
to  the  filter  bandwidth.  In  this  case,  the  input  bandwidth  and  the  filter 
bandwidth  are  fixed  so  that  the  noise  output  of  the  filter  is  directly 
proportional  to  input  noise.  The  minimum  level  of  is  a  function  of  the 
noise  out  of  the  filter.  Let  us  assume  for  the  moment  that  minimum  Is 
eqiial  to  the  noise  level  out  of  the  filter.  This  then  makes  Ejj  mlnlmvun 
directly  related  to  total  Input  noise.  With  noise  In  the  system  we  can 
no  longer  define  Ejj  arbitrarily  or  even  as  a  given  voltaige  level.  It 
must  be  defined  in  terms  of  a  S/M  ratio  with  respect  to  the  input*  or  output 
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noise.  To  be  consistent,  then,  we  should  define  T^1^1nn^m  and 


maximum  in  terms  of  the  noise  level  as  a  inference.  Thus,  we  can  see 
that  the  introduction  of  noise  into  a  circuit  using  a  non-ideal  filter 
places  restrictions  on  all  the  input  signals. 


Recording  Data 

A  number  of  methods  are  available  for  recording  the  output  of  the 
comb  filter.  In  the  works  here  described,  a  multiple  pen,  paper  chart 
recorder  was  used.  There  is  one  pen  for  each  filter  element.  Since  there 
is  no  scanning  Involved,  no  time  is  lost  searching  for  the  signal.  This 
gives  the  additional  capability  of  recording  multiple  satellites 
simultaneously . 
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Overall  Comb  Filter 


FILTER  lESIGN 


Hkvlng  defined  the  input  signal  characteristics  and  the  relation  between 
these  signals  and  a  general  form  of  narrow  band  filter,  the  overall  comb  asy 
now  be  outlined  in  block  form.  Starting  with  the  minimum  block,  any  necessary 
items  may  be  added  as  needed.  Figure  6k  shows  the  basic  receiver  with  the 
three  varlsbles,  and  as  output  signals,  and  a  recording  element. 

We  denote  the  signals  out  of  the  receiver  by  the  subscript  R  and  the  signals 
out  Of  the  filter  by  the  subscript  F,  and  consider  these  three  variables  and 
their  effect  on  the  design  of  the  comb.  First,  we  consider  the  noise  voltage 
Since  there  is  always  some  noise  out  of  the  filter,  the  gain  K  is  limited 
to  a  value  which  brings  Just  below  the  threshold  level.  Now  we  assume  a 
given  ratio  of  which  gives  a  ratio  of  one.  E^  then  is  the 

minimum  signal  that  will  just  operate  the  recorder.  We  consider  now  the  effect 
Of  ^e  receiver  gain  decreasing  by  a  factor  of  two.  The  input  s/h  ratio, 
fixed,  but  Ep^  has  decreased  by  a  factor  of  two.  If  k  Is 
fixed,  then  Ep^  will  no  longer  operate  the  recorder.  It  now  requires  a 
larger  S/n  ratio  than  before.  If  the  receiver  gain  Increases,  the  noise  will 
operate  the  recorder.  Thus,  to  obtain  maximum  sensitivity,  that  is  minimum  s/n 
ratio,  and  no  extra  readouts  due  to  noise  -  the  noise  level  must  remain  fixed 
just  below  the  threshold  level.  Therefore,  a  constant  noise  input  must  be 
provided  to  the  filter  with  some  type  of  AGO  system.  The  conventional  AGO 
maintains  a  constant  r.m.s.  output  by  adjusting  the  sum  of  the  noise  plus 
signal  to  be  a  constant.  A  large  undeslred  signal  will  cause  the  receiver 
gain  to  be  decreased  and  produce  the  undesirable  effect  of  reducing  the  noise 
output.  An  AGC  based  on  noise  only,  which  will  maintain  a  constant  noise 
output  even  in  the  presence  of  a  large  signal,  is  necessary.  Figure  6b 
*ows.thls  noise  AGC  circuit  added  to  the  comb.  Having  determined  previously 
that  the  noise  out  of  the  receiver  can  vary  as  much  as  5  to  1  and  that  the 
maximum  level  is  one  volt  r.m.s.,  the  noise  AGC  circuit  must  be  designed  to 
handle  from  0.2  to  1.0  volts  r.m.s.  input  and  produce  a  constant  output. 
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•nd  In  the 

non-ideal  filter.  Large  values  of  the  sine  waves  will  not  be  controlled  by 
the  noise  AGC^  but  they  must  be  controlled  If  they  are  to  operate  only  one 
filter.  At  this  point  we  consider  the  signal  AGO  as  acting  on  all  the 
filters.  If  the  signal  AOC  circuit  operates  on  the  basis  of  Input  as^lltude, 
then  i)re-f liter  AOC  Is  not  i>osslble.  This  Is  so  because  the  Input  signal 
can  be  very  small  compared  to  the  noise  and  still  be  capable  of  operating 
more  than  one  filter.  This  small  signal  cannot  be  recognized  In  the  noise 
on  the  basis  of  aaqpUtude.  The  i>ost  filter  signal  Is  always  larger  than 
the  post  filter  noise  and  It  Is  at  this  point  that  we  must  develop  the  AGO 
voltage.  If  the  signal  AGO  Is  develc^d  from  all  the  filters  on  the  basis 
of  total  signal  and  applied  to  a  common  anqpllfler^  then  only  the  largest 
signal  will  be  reeid.  This  Is  not  desirable.  AGO  must  be  developed  on 
each  board  and  applied  to  only  those  boards  which  would  have  given  an 
ambiguous  output «  and  preferably  In  an  amo\mt  which  Is  proportional  to  the 
received  signal  In  each  board.  Fig.  6o  shows  the  complete  comb  with 
Individual  signal  AGO  on  each  element.  The  methods  of  applying  this  AGO 
will  be  covered  later. 

Number  of  Elements 

The  next  step  Is  to  determine  the  number  of  elements  needed  In  the 
comb.  This  Is  a  question  of  how  many  filters  are  needed  In  the  12  kc 
frequency  band.  Considering  that  there  eure  a  minimum  number  of  data  points 
available,  and  each  lasts  the  minimum  time,  each  point  must  be  read. 

Complete  coverage  of  the  12  kc  band  would  require  filters  at  10  cps  spacing. 
Since  eeich  filter  element  Is  fairly  complex,  a  complete  system  would  represent 
a  considerable  Investment.  It  was  decided  to  try  a  token  number  of  filters  to 
prove  the  system  before  expanding  to  the  total  1200.  This  trial  comb  was 
selected  to  cover  only  3600  cps  at  20  cps  spacing  with  l80  filters.  Its  In¬ 
put  can  be  switched  three  times  to  cover  the  entire  12  kc  band. 

Having  determined  the  overedl  block  diagram  for  the  system  the 
Individual  blocks  can  be  developed  In  detail. 


Let  ua  consider  the  effect  of  the  other  vsirlables  E^ 
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ClRCUrF  KSIOII 


Rec«lv«r  nolle  ABC 

A  need  for  an  AQC  circuit  vhlch  Is  activated  by  noise  only  has  been 
discussed.  Actually j  it  Is  iaposslble  to  aake  a  circuit  vhlch  Is  sensitive 
to  noise  only.  The  best  approach  appears  to  be  one  vhlch  gives  the  uxl> 
mm  rejection  to  the  Interfering  sine  vaves.  This  rejection  can  be  on  the 
basis  of  aapUtude,  tlr.j,  or  freqpency.  AqpUtude  rejection  Is  not  feasible 
because  the  Interference  can  be  larger  than  the  noise,  thus  ve  mist  depend 
on  a  tlae  or  freq^iency  dlscrlsdnatlon. 

Let  us  consider  first  tljae  discrimination.  Up  to  this  point  consideration 
has  been  given  to  the  total  change  In  noise  level  but  not  the  rate  of  change  of 
level.  The  change  In  noise  level  Is  basically  due  to  effective  sky  ten^ra- 
ture  change  vlth  antenna  orientation.  An  antenna  scan  from  horizon  to 
horizon  requires  fifteen  seconds.  Thus,  a  time  constant  of  one  second  for 
the  AOC  vlU  permit  the  gain  control  voltage  to  foUov  the  noise.  Hovever, 
the  desired  slgnails  of  0.1  second  duration  vlU  have  little  effect  on  the 
AGO  because  they  are  not  present  long  enough.  Meteor  trail  echos  and 
signals  received  via  scatter  propagation  from  the  transmitter  vhlch  are 
present  for  lotig  periods  vlU  not  be  rejected  by  an  AQC  system  vlth  a  1  second 
time  constant. 

We  nov  ccmslder  vhat  frequency  discrlsilnatlon  vlU  do.  Feedthrough 
(signals  arriving  via  troposidierlc  propagation).  Is  alvays  present  at  a 
fixed  frequency.  If  the  noise  Is  sampled  In  a  narrov  frequency  band  It  Is 
possible  to  exclude  the  feedthrough  altogether.  The  probability  of  receiving 
trail  echos  Is  also  reduced  considerably. 

Thus,  It  can  be  seen  that  time  discrimination  vlU  eliminate  short 
duration  signal  Interference,  and  frequency  discrimination  vlU  eliminate 
most  of  the  feedthrovigh  and  meteor  Interference.  Figure  7  shovs  a  block 
diagram  of  the  circuit.  The  noise  plus  signal  go  through  the  gain  controlled 
amplifier  to  tvo  outputs,  the  output  to  the  filter  bank  and  the  output  to  the 
control  circuit.  The  amplifier  Is  foUoved  by  a  filter  at  a  center  frequency 
of  6  kc  vlth  a  bandvldth  of  l60  cps.  The  toted  noise  bandvldth  Is  16  kc,  so 
a  reduction  of  noise' in  the  filter  of  10  to  1  ocevu's.  Hovever,  a  signal  In 

l6 


this  bandwidth  Is  not  reduced  at  all.  Therefore,  a  S/lT  ratio  of  1  at  the 
liqnxt  to  the  l60  cps  filter  would  result  In  a  S/N  ratio  of  10  at  the  ou'^put 
of  the  filter,  which  would  give  too  much  welc^t  to  the  signal.  It  is 
necessary  to  follow  the  l60  cps  filter  with  an  ampllfler-llmlter  combination. 
The  noise  level  Is  adjusted  to  apprcaclmately  one-half  of  full  output  and  any 
signal  Is  then  limited  to  twice  the  value  of  the  noise.  This  procedure  still 
gives  more  than  adequate  range  for  variation  In  noise  level  to  operate  the 
AQC  anqpllfler.  The  limiter  Is  followed  by  a  rectifier,  to  convert  the  signed 
to  a  d.c.  voltage,  and  a  d.c.  an^llfler  to  provide  loop  gedn.  There  Is 
sufficient  gain  In  the  loop  to  handle  a  20  to  1  variation  of  the  Input  with 
less  than  a  10  percent  change  In  the  output  of  the  controlled  amplifier. 

The  Integrator  provides  the  time  constant  which  Is  one  second.  The  value 
of  the  time  constant  Is  chosen  to  minimize  the  effect  of  signals  with  a 
duration  shorter  than  (uie  second.  For  example,  a  0.1  second  duration 
signal  large  enough  to  produce  a  d.c.  output  of  twice  the  noise  level  would 
try  to  charge  to  twice  the  noise  voltage  level.  However,  it  is  present  for 
only  0.1  second  and  would  not  Increase  the  voltage  more  than  10  percent. 
Without  AGO,  the  decrease  In  sensitivity  would  have  been  at  least  40  percent, 
for  a  S/n  of  1  and  greater  for  larger  s/N  ratios.  The  only  type  of  signal 
which  could  cause  Interference  would  be  a  long  duration  trail  echo.  By 
reducing  the  bandwidth  we  have  reduced  the  probability  of  this  occiirrlng. 

All  other  signed  effects  from  feedthrough,  short  duration  desired  signals, 
and  high  rate  head  echos  are  reduced  considerably. 


17 


4  NnZiTIPLlIR 


B»eie  F— dbacic  Clreiilt 

The  10  cpa  narrow  bond  filter  la  in  the  form  of  a  Q  multiplier 
ualng  atandard  L  and  C  eo^ponenta.  Since  the  frequency  band  to  be 
covered  la  2  kc  to  lU  kc,  Q*a  range  from  200  to  l400  to  provide  the  10  cpa 
bandwidth  at  the  varloua  frequenclea.  With  nominal  coll  Q*a  In  the  order 
of  100,  multiplication  la  from  2  to  l4.  The  problem  vaa  to  dealgn  a  nail 
compact  circuit  capable  of  providing  theae  4*a  with  aa  much  atablllty  aa 
poaalble.  An  aaalyala  vaa  made  of  Q  multiplier  clrculta  to  determine  the 
beat  dealgn  criteria.  Baalcally,  any  LC  oacUlator  circuit  with  the 
poaltlve  feedback  below  the  oaolUatlng  point  will.  If  uaed  aa  an  amplifier, 
produce  an  Increaae  In  the  Q.  However,  the  queatlon  la,  how  atable  la  thla 
new  Q  value,  aaaumlng  nominal  atablllty  of  the  varlablea  Involved.  Before 
thla  can  be  reaolved,  the  circuit  action  which  isroducea  the  multiplication 
muat  be  underatood. 


Two  typea  of  feedback  clrculta  were  cooqpared,  one  In  which  the  feed¬ 
back  factor,  B,  la  poaltlve  only  and  the  other,  where  B  la  a  coopoalte  of 
poaltlve  and  negative  feedback.  In  both  cases  the  positive  B  network 
uses  an  LC  resonant  circuit. 

Let  us  consider  first  the  basic  feedback  circuit,  as  shown  In  Figure  8, 

In  which  B  Is  fixed.  £,  Is  the  Input  voltage  to  the  whole  circuit,  Is 
the  Input  to  the  amplifier  of  gain  K,  and  B  Is  the  feedback  factor.  Equations 
1,  2,  and  3  can  be  written  by  Inspection. 


"=1  -  ®1  ®fb 
E^K  -  Eg 


V  =  ®fb 


(1) 

(2) 

(5) 


Substituting  (2)  and  (3)  Into  equation  (1)  gives 


0 


Rearranging  equation  (4)  gives  the  form 


Eg  (1  -B) 
K 


E 


1 


Eg/Ej^  .  I^(l-BK)  -  K*  (5) 

This  Is  the  fora  of  the  standard  feedback  equation  where  K*  Is  the  closed 
loop  gain.  Koraally  In  this  type  of  circuit,  B  Is  fixed  with  frequency 
and  K*  Is  Investigated  with  respect  to  changes  In  K.  However,  In  the  Q 
multlpler  It  Is  B  which  Is  variable.  Figure  9  shows  the  basic  Q  multiplier 
In  which  B  Is  positive  and  the  B  network  Is  a  resonant  clrcxilt.  If  we 
consider  the  B  network  with  Eg  as  constant  In  anq)lltude  but  variable  In 
frequency,  then  E^  will  vary  as  the  LC  circuit  goes  through  resonance.  Since 
B  Is  defined  as  being  the  ratio  of  E^  to  Eg,  B  will  also  vary  with  frequency. 
The  variation  of  B  with  frequency  Is  shown  In  Figure  10.  The  3  db  bandwidth 
Is  determined  by  the  loaded  Q  of  the  resonant  clrcixlt. 

Q  Multiplier  as  a  Function  of  the  Output  VoltPeo 

If  the  Q  multiplier  can  be  evaluated  in  terms  of  the  output  voltage 
then  it  can  later  be  defined  in  terms  of  B  and  K.  In  Figure  9,  if  the 
feedback  circuit  is  disconnected  at  point  x  and  a  curve  Is  drawn  of  output 
versus  frequency,  curve  A  in  Figure  11  would  be  obtained.  Then,  upon  re¬ 
connecting  the  clrcxxlt,  draw  a  second  curve  of  output  versus  frequency  and 
curve  B  would  be  obtained.  Since  the  feedback  is  positive,  curve  B  would 
be  larger  in  amplitude.  It  is  noted  that  curve  B  has  been  adjusted  In 
amplltiide  so  that  the  Intersection  of  the  two  curves  is  at  E  which  Is  the 
5  db  point  on  curve  A.  Also,  the  5  db  bandwidth,  Afg,  of  cu^e  B  is  smaller 
than  the  3  db  bandwidth,  of  a  curve  A.  If  we  denote  the  Q  of  curve  B, 

Qg,  and  the  Q  of  curve  A,  Q^,  then  the  Q  multiplier,  M,  is  the  ratio  of  the 
Q's  as  shown  in  equation  (6). 

M  =  “  ^i/^2 


Let  us  denote  the  peak  value  of  curve  A,  E^^^,  and  the  peak  of  curve  B,  E^^g 
If  the  assumption  can  be  made  that  and  Rg  In  Figure  9  are  greater  than 
the  Z  of  the  resonant  circuit,  then  the  voltages  are  directly  proportional 
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to  the  Q's  and: 

hAa  ■  Vi*!  (7) 

By  substituting  >  1.^  into  eg]astion  (7):  ^ 

•  V»i  ■  "  (®) 

This  defines  the  oultlpUer  in  terns  of  the  change  of  output  voltage  troa 
*0  »»  ^2- 

Q  Multiplier  in  terms  of  B  and  K 

Cvirve  A  in  Figure  11  and  the  Beta  curve  of  Figure  10  are  both  drawn 
for  the  same  circuit  Q;  therefore  represents  the  output  Eg  with  0.7B 
and  Epg  the  output  with  full  B.  Equations  9  end  10  give  the  closed  loop 
gain  with  0.7B  and  B*  respectively. 


-  K/(l-  .7BK)  (9) 

K*^  -  K/(1-  BK)  (10) 


Equations  11  and  12  give  Epg  end  E^  in  terms  of  the  closed  loop  gains. 


*1  -  *0  <“) 

Substituting  eqxiations  11  and  12  into  equation  6  gives: 

KJ^/1.4  -  M  (15) 

Let  K[/  -  A  (14) 

Then  A/1.4  .  M  (15) 


"A"  is  then  the  variable  part  of  the  multiplier  M  and  will  determine  the 
stability  of  the  new  Q.  "A"  can  now  be  expressed  in  terms  of  B  and  K  by 
substituting  equations  9  end  10  into  equation  l4. 


.  _IL  /  K 
*  “  1-BK  '  1-.7BK 


1  + 


.5BK 

1-BK 


(16) 


Figure  12  shows  a  plot  of  A  versus  BK.  As  BK  approaches  1,  A  approaches 
infinity  and  the  circuit  will  oscillate.  It  will  be  noted  that  the  useful 
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values  of  A  lie  In  the  range  of  BK  from  O.95  to  O.999.  This  means  that  the 
circuit  Is  alvays  relatively  close  to  the  oscillating  point.  Even  vlth  a 
low  value  of  A  of  6,  a  5  percent  change  In  B  or  K  would  cause  oscillations. 
B,  which  Is  made  xxp  of  passive  elements,  can  easily  be  held  to  one  percent 
or  less.  However,  K  which  Is  the  open  loop  gain  Is  not  nearly  as  stable, 
and  In  transistor  circuits  would  be  especially  difficult  to  maintain.  A 
circuit  C(»iflguratl(m  which  Is  relatively  Independent  of  K  would  be  much 
more  desirable,  and  this  Is  the  second  circuit  to  be  discussed. 

The  second  circuit  contains  two  loops,  one  positive  and  one  negative, 
and  Is  shown  In  block  form  In  Figure  IJ.  In  this  configuration  the  negative 
feedback  Is  fixed  and  the  positive  feedback  varies  as  before.  The  total 
feedback,  B,  Is  the  algebraic  sum  of  the  negative  and  positive  B's.  The 
equations  at  resonance  and  at  the  3  db  point  are  as  follows: 


at  resonance  the  total  B 

®t 

■  B^  "»B- 

(17) 

«1 

-  K/(l-  B^K) 

(18) 

at  the  3  db  point 

n 

■  O.TB^  +  B“ 

(19) 

-  1^(1-  b;.  k) 

(20) 

By  rearranging  equation  I7  and  I9  and  substituting  into  equation  20,  may 
be  expressed  In  the  following  form: 


-  k/(1-  +  0.5  B_^)  (21) 

A,  which  Is  the  ratio  of  K^/k^,  may  be  expressed  In  terms  of  BK  as: 


0.5B  K 

V  +  TTbIc 


1  + 


0.5B_^K 


(22) 


At  this  point  a  restriction  must  be  made  that  B.  may  never  be  positive .  Then 

w 

rearranging  equation  22,  by  multiplying  the  second  term  by  B  /B  , 

t  t 


1  + 


0.5B.  B.K 

-  ■■b: 


(23) 


It  will  be  noted  that  as  K  approaches  infinity,  the  term  B.k/(1-  B.K)  approaches 

U  U 

unity  as  a  limit.  A  then  approaches  the  ved-ue  1  «  O.^^B^.  Figure  l4  shows 

a  plot  of  equation  23  as  A  versus  KB^  for  various  values  of  B^/b^.  One  can 

see  that  A  in  this  case  is  relatively  independent  of  KB^.  as  long  as  KB  Is 

«  t 


kept  above  25.  A  la,  however,  very  dependent  on  the  ratio  bVb  .  If  the  B 

networka,  which  are  nade  ^p  of  paaalve  elements,  are  held  to  clwe  tolerances, 

the  circuit  will  be  very  stable.  It  Is  virtually  Independent  of  K  as  long  as 
K  is  large. 

Description  of  Final  Circuit 


W«ur.  15  rtKW.  the  Khautle  of  thl.  Mcood  circuit,  vhlch  1.  the 
clreult  «  «.ed  in  the  mt«r  h«k.  The  negntlve  loop  1.  up  of  R»  «.d 
R«.  The  po.ltlv.  loop  1.  Md  in  .«,te.,  t^e  re.on«.t  circuit. 

The  hule  MipUftw  1.  4.C.  coupled  ttd  Ilg  md  Hg  provide  negative  d.c.  .. 
ueU  w  negative  a.c.  feedtank.  Thl.  help,  toatahlite  the  d.c.  operating 
point  con.ldei.hlor.  The  circuit  1.  very  toletant  of  tty  variation.  In 
tran.l.tor..  The  Zener  diode  va.  added  Inttett  of  a  dropping  reel. tor  to 
provide  additional  gain.  and  C,  fom  a  neceettry  ph„e  conectlon  netvork 
to  atop  OttlUatlon  Cttttd  by  the  l«rge  ttount  of  negative  feedtack.  Preguency 
1.  edjuated  ulth  the  choice  of  coU  ttd  capacitor.,  ttd  the  Q  1.  adjueted  by 
setting  the  positive  feedback  level  with  Rg. 

Mettur^t  Of  «  1.  difficult  at  the  higher  fre^reucle.  vhen  one  attempt, 
to  meattre  .  5  cp.  at  12,000  cp..  A  method  va.  devleed  to  u.e  an  ccUlottope 
and  .peed  up  thl.  metturement.  If  the  rettonee  of  a  rttonent  circuit  to  a 
Step  function  Is  calcxilated,  the  envelope  has  the  form, 

An^jlltude  of  Envelope  >  S  ■  E  e  (24) 

where  a  -  R/2L,  R  Is  the  series  resistance  of  the  coll  and  L  Is  the  inductance 
of  the  coll.  Since  Q  -  2  «  fL/R,  at  resonance, 

a  »  r/2l  ■  nf/Q  ■  «Af,  (25) 

where  Af  Is  the  bandwidth  between  5  db  points. 

Thl.  equation  Is  the  same  as  the  stttdard  equation  expressing  the  charge  of  a 
capacitor.  The  time  constttt  In  this  case  uould  be  equal  to  1/a.  The  time 
constant  cen  then  be  expressed  as: 

* 

T  *  time  constant  «  l/«Af  (26) 

If  a  signal  at  the  center  frequency  of  the  resonant  circuit  is  applied 
Whose  msplltude  Is  In  the  form  of  a  step  function  a  measurement  Is  made  of 
the  time  response,  we  have  a  measure  of  the  bandwidth.  The  time  constant  Is 
32  milliseconds  for  all  of  the  filter.,  Irrettectlve  of  the  frequency  of  the 
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of  the  filter.  This  method  hM  the  advente^^  of  pemlttlxig  meuvireaent  of 
bandvldthe  less  than  1  cps  vlth  eaae  and  speed  compared  to  the  3  db  method. 
Tests  indicated  that  1/2  cps  handwldths  could  be  obtained  before  approaching 
the  oscillating  point.  This  (1/2  cps  bandwidth)  gives  a  multiplication  of 
approximately  200  as  the  ultimate  capability.  Since  the  largest  multiplication 
needed  was  l4,  all  of  the  filters  were  operating  well  away  ftrom  the 
oscillating  point. 


25 


/ 


SIQIUL  AOC 

Signal  Control  «ad.  AOC  Dl«trlbutlon 

The  naad  has  bsen  previously  deteralned  fbr  a  post-filter  siffial  AQC 
circuit.  We  have  also  seen  that  the  filter  used  in  this  case  will  be  a 
resonsnt  circuit.  This  section  will  deal  with  the  gain  controlled  amplifier, 
the  generation  of  the  control  voltage  and  the  distribution  of  this  voltage 
among  the  filters  of  the  filter  bank. 

Assume  sn  Ideal  delayed  AOC  vhlch  starts  to  operate  vlth  a  signal 
Just  above  the  threshold  level  and  has  an  output  d.c.  voltage  \dilch  Is 
directly  proportional  to  the  input  a.c.  voltage.  How  consider  the  distri¬ 
bution  of  this  d.c..  voltage  to  the  other  filters.  To  do  this  visualize  a 
groiQ)  of  filters  with  an  input  signal  In  the  center  filter.  For  ease  of 
description,  let  us  call  the  center  filter  A  and  the  other  filters  as  they 
progress  away  on  either  side  of  A,  B,  C,  D,  and  so  forth.  This  Is  shown  In 
Figure  16A.  There  will  be  some  signal  voltage  at  all  the  filter  Inputs  due 
to  the  signal  at  the  Input  of  filter  A.  Since  all  the  filters  are  resonant 
circuits,  and  of  the  same  bandwidth,  distribution  of  the  voltage  at  each  of 
the  Inputs  Is  In  the  form  of  a  resonance  curve  as  shown  In  Figure  16b.  The 
dashed  line  with  an  amplitude  of  X  represents  the  threshold  level.  All  the 
filters  contained  within  the  resonance  curve  above  the  threshold  level  would 
be  actuating  the  recorder. 

Since  the  d.c.  output  voltage  Is  directly  proportional  to  a.c.  Input 
voltage.  Figure  16b  also  represents  the  AGO  d.c.  output  of  each  filter. 

Filter  A,  which  contains  the  signal  at  Its  freq[uency,  has  the  largest  d.c. 
output.  This  voltage  can  be  distributed  to  the  other  filters  with  a  resistive 
network,  always  to  be  larger  than  the  AGC  developed  In  the  other  filters. 

This  Is  shown  by  the  dotted  lines  in  Figure  16b.  The  circuit  can  also  be 
arranged  to  have  the  larger  of  the  two  AGC  voltages  control  the  gaHn  in  each 
filter.  This  will  then  cut  off  all  of  the  filters  except  filter  A.  The 
resistive  network  Is  made  In  the  form  of  a  synmetrlcEil  ladder  attenuator 
with  equal  sections.  Since  edl  of  the  filters  eu:e  connected  together  with 
Identical  sections,  the  distribution  of  voltage  Is  not  pec\illar  to 
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particular  set  of  filters.  The  voltage  will  be  distributed  as  shown  on 
both  sides  of  the  strong  signal,  no  matter  which  filter  the  signal 
flre^uency  matches.  This  type  of  circuit  has  the  advantage  of  keeping  a 
minimum  number  of  filters  cut  off.  As  an  exan?)le.  Figure  17  shows  two 
main  signals  X  and  Y  of  different  anq?lltudes  and  their  AGO  curves.  The 
fJrequency  covered  Is  a  small  portion  of  the  total  4  kc  band.  Each 
signal  cuts  off  a  number  of  filters  In  proportion  to  Its  aa5)lltude.  Yet, 
a  signal  such  as  A  contained  within  the  cut  off  region  but  larger  than 
the  distributed  d.c.  voltage  will  still  be  read.  Any  signal  not  In  the 
cut  off  region  can  be  read  with  maxlnmm  sensitivity.  Thus,  It  Is 
possible  for  meteors,  feedthrou^^,  and  many  desired  signals  to  be 
present  simultaneously  and  still  read  each  one  by  the  operation  of  a 
single  pen  per  signal. 

Circuit  Analysis 

In  the  general  description  of  the  AGC  action,  several  points  were 
mentioned  and  assximed  to  be  true  without  giving  any  proof.  These  were; 
the  linearity  of  a.c.  Input  to  d.c.  output,  the  cut  off  action  of  the 
distributed  voltage,  and  the  design  of  the  ladder  attenuator.  These 
Items  will  now  be  taken  up  In  turn. 

Linearity  of  a.c.  Input  Versus  d.c.  Output 

Figure  l8  shows  a  combined  block  and  schematic  form  of  the  AGC 
circuit.  The  d.c.  control  voltage  Is  fed  beujk  eicross  the  series 
connected  resistor  and  diode  Dj^.  This  voltage  determines  the  current 
and  thus  the  resistance  of  Dj^.  Cj^  Is  a  very  low  Impedance  to  the 
operating  frequency  and  acts  only  as  a  d.c.  blocking  device.  D  ,  In 
series  with  to  the  Input  voltage  determines  the  voltage  Eg 

available  to  the  fixed  gain  amplifiers  which  follow. 

The  forward  drop  across  a  diode  Is  relatively  Independent  of  the 
current  through  It  and  for  practical  purposes  can  be  considered  a  constant. 
If  I  represents  the  current  through  the  diode,  and  R^  the  resistance  of  the 
diode,  then  this  constant  voltage  drop  may  be  expressed  as: 

I  Rjj  *  constant  =  A  (27) 
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can  also  be  expressed  in  the  form: 

V(‘'i*»d)  ■  I  (28) 

If  is  much  larger  than  Rj^  then  equation  28  reduces  to: 

*1)0^1  -  *  (29) 

Substituting  equation  29  in  equation  27  ve  have: 

“ncVi  -  *  (») 

Since  Rj^  is  fixed  in  value  equation  3  can  be  vrltten  in  terms  of  a  new 
constant  as: 


-  ">1  ■  8  ■  constant  (31) 

If  it  is  further  assumed  that  there  is  sufficient  loop  gA<n  to  nla^w^^■n^n 
the  output  of  the  a.c.  amplifier  constant,  then: 


Eq  ■  constant  ■  Eg  Gg 

®2®2  “  ®IN  Rjj^  Rg  ®2 


(32) 


If  Rg  is  larger  than  then: 

E*  ■  E^  ■  C 


IN 


Since  Og,  Rg,  and  E^  are  eJ.1  fixed  in  value, 


(33) 
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constant  ■  R^  »  D  (54) 

Substituting  the  value  of  R^j  from  equation  51  into  equation  54  gives: 


^IN 


S^)C 


E 


IN 


8/8  2nc  -  >'85;. 


(55) 


Eqviation  55  shows  E^  to  be  a  linear  function  of  E  . 

IN 
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Cutoff  Action  of  AQC 


It  Is  readily  apparent  that  we  can  feed  back  ,  a  voltage  which  is  larger 
than  the  AOC  voltage  on  any  given  filter,  but  it  would  appear  that  this 
voltage  would  merely  reduce  the  gain  and  not  cut  off  the  filter.  The 
following  discussion  will  show  how  the  cutoff  action  takes  place.  Figure  I9 
gives  a  plot  of  two  curves,  curve  A,  the  a.c.  input  versus  the  d.c.  control 
voltage,  and  cxirve  B,  the  a.c.  input  versus  the  threshold  gain.  By  threshold 
gain  is  meant  that  gain  which  is  required  to  give  an  output  at  the  threshold 
level  from  the  AOC  controlled  amplifier.  Let  S  represent  the  signed  in  filter 
A,  and  P  represent  the  signal  in  filter  B.  At  signal  level  P,  Q  represents 
the  AOC  voltage  developed  and  R  is  the  gain  required  to  bring  P  iip  to  the 
threshold  level.  However,  T  represents  the  AOC  voltage  at  filter  A  and  U 
shows  that  portion  which  is  fed  back  from  filter  A  to  filter  B.  If  the 
'voltage  U  controls  filter  B  then  it  will  produce  gain  V  which  is  lower  than 
gain  R,  and  filter  B  will  no  longer  have  adequate  gain  with  input  P  to 
reach  the  threshold  level.  This  feedback  voltage  will  work  in  a  similar 
manner  for  all  the  other  filters. 


Ladder  Attenuator 


Figure  20  shows  the  network  and  filter  connections.  Let  us  consider 
only  a  part  of  the  network  as  shown  in  Figure  20b.  Let  be  the  input 
voltage  and  Eg#  Ey  and  Ej^  be  the  voltages  down  the  attenuator.  Since  each 
section  has  cm  Impednace  Z,  then: 


Eg/E^  .  Z/(R^  +  Z)  «  Ey'Eg  =  E^^/Ej  -  X  (36) 


There  is  a  fixed  loss  ratio  of  X  as  one  progresses  down  the  network.  Equation 
36  can  be  rearranged  to  give  R^  as  a  function  of  Z  and  X. 


R^  =  Z  (1-  X)/X 

Using  only  one  section  of  the  network  as  shown  in  Figure  20c, 
written  eq\ial  to  the  parallel  combination  of  R„  and  R.,  plus  Z 

z  .  ^  z? 

^2  +  (R^  +  Z) 


(57) 

Z  can  also  be 
in  series: 

(58) 
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Substituting  equation  37  in  equation  38  gives: 

z  -  *2  ♦  |) 

Rg  -  2/(1-  X) 


(39) 


Ttal.,  ni«tK».  JT  ttd  39  give  Rj  BidRg  In  ter«  of  Z  „d  X,  .h«..  Z  1. 
4rto«lned  by  circuit  InpcdMce.  Md  X  1.  .  tunctla.  of  the  dletrlbutlon 
deelred.  Figure  21  shove  the  resonence  curve  (,)  „  »eU  m  the  distribution 
curves  for  s.,«r,l  vslues  of  x.  The  fluid  choice  of  x  Is  «ae.hst  erbltrery, 
hovever,  there  ere  some  circuit  conslderetlons.  To  be  sure  thnt  the  larger 
voltage  always  controls  the  MO,  a  diode  .as  added  as  shown  In  Figure  l8. 
To  Obtain  the  best  circuit  operation,  one  must  always  nalntaln  a  few  tenths 
Of  a  volt  back  blaa  «!ross  This  regulres  that  X  aust  be  chosen  so  that 
the  curve  Is  high  enough  at  Its  extremities,  x  Is  not  a  fixed  value,  since 
the  resistor  Is  sctually  the  parallel  combination  of  H,  and  the  fUter 
resistance,  as  shown  In  Figure  2Q».  This  Input  resistance  Is  variable  with 
signal  level  and  wlU  vary  from  20K  with  large  signals  to  1  Megohms  with 
smaU  signals.  This  condition  Is  helpful  since  It  produces  larger  values 
Of  X  with  ..all  signal,  which  wtU  occur  at  the  extremities  of  the  curve. 

In  this  particular  ease,  linearity  of  the  signal  In  the  AOC  amplifier 

1.  not  too  ImportMit.  However,  It  1.  Important  In  the  noise  AOC  mnpllfler. 

The  input  voltage  «:ro..  the  diode  must  be  kept  below  50  mlUlvolts  to  keep 
distortion  &t  &  mininiuin. 
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Threshold  Circuit 


This  section  covers  the  threshold  circuit  and  the  relation  of  the  S/k 
ratio  to  the  threshold  level.  Up  to  this  point  the  m<n<itnini  signal 

was  considered  as  one  which  produced  a  S/n  ratio  of  unity  past  the  10  cps 
filter.  Actually  this  Is  the  theoretical  limit  which  we  would  ilK*  to 
achieve,  hut  never  q^jlte  realize  In  practice.  This  Is  best  explained  by 
reference  to  the  block  diagram  and  the  various  signal  levels  which  occur 
as  shown  In  Figure  22.  The  signal  and  noise  are  rectified,  filtered,  and 
then  go  to  a  differential  amplifier.  The  other  Input  to  the  differential 
amplifier  Is  a  reference  level  which  determines  the  threshold  level.  When 
the  rectified  Input  exceeds  the  threshold  level  the  recorder  writes. 

The  signals  are  presented  pictorlally  below  the  block  diagram  of 
Figure  22.  At  the  input  to  the  rectifier  shown  In  (A)  we  have  the  signal 
whose  frequency  Is  f^,  and  the  noise  which  contains  the  frequency  conqponents 
between  -  5  cps  and  f ^  +  5  cps.  The  next  set  (b),  shows  the  full  wave 
output  of  the  rectifier.  Up  to  this  point  the  signal  Is  In  the  frequency 
range  between  2  kc  and  6  kc.  Set  (C)  shows  the  output  of  the  low  pass 

It  Is  seen  that  the  signal  d.c.  component  Is  clean  because  aT  t  of 
ripple  components  are  high  compared  to  10  cps  and  are  removed.  The  noise, 
however,  consists  of  all  frequencies  between  f  -5  cps  and  f  +  5  cps  and 
Its  rectified  output  contains  all  the  difference  frequencies  between  the  noise 
conqjonents  in  this  band,  that  is,  0  to  10  cps  signals.  The  rectified  noise 
output  then  contains  a  d.c.  component  and  ripple  in  the  0  to  10  cps  region. 

The  next  set,  (d),  shows  two  conditions,  one,  when  both  slgnsJ.  and  noise  are 
present  and  Just  equal  to  the  threshold  level,  and  the  other  when  the  same 
amount  of  noise  is  present  but  without  signal.  In  the  first  case  the  noise 
ripple  causes  the  voltage  level  to  go  below  the  threshold  which  causes  a 
miss  in  the  output  when  the  signal  is  present.  The  second  case  shows  the 
noise  ripple  exceeding  the  threshold  and  giving  a  false  data  p\iLse  when 
the  signal  is  not  present.  The  toteil  number  of  feQ.se  eO-arms  which  can  be 
tolerated  depends  on  the  read  out  system.  The  general  approach  to  eliminate 
these  errors  is  to  lower  the  noise  and  increase  the  signal,  as  shown  in 
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Figure  22  X,  to  alnlalze  the  oeeurrenee  of  Bisses  snd  false  alaras.  This, 
of  course,  calls  for  a  better  S/x  ratio  and  lowers  the  overall  sensitivity 
of  the  systea.  The  actual  loss  esn  only  be  deteralned  by  experience  with 
field  data  on  a  particular  systea.  Since  the  final  systen  has  not  been 
constructed,  a  flm  figure  Is  not  available.  However,  general  tests  indicate 
that  a  loss  of  6  db  to  9  db  could  be  expected. 
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TESTS  AKD  EVALUATION 


General 

A  brief  description  of  the  tests  performed  on  the  comb  filter  is 
given  in  this  section*  Initial  tests  for  stability  of  the  fre<i,uency  and 
Q  of  the  filter  disclosed  a  need  for  temperature  control.  The  relay 
rack  used  to  house  the  filters  and  power  siqpplles  was  equipped  with 
blowers )  heaters  and  a  thermostat  to  provide  tenq>erature  control.  A 
tenq)erature  range  of  from  92  to  98  degrees  p  was  maintained  with  this 
system.  This  was  adequate  to  maintain  the  frequency  of  the  filters 
within  +  2  cps  and  the  Q  within  10  percent  of  design  values.  However, 
the  threshold  level  and  threshold  gain  had  a  3  to  6  db  variation  in 
sensitivity  between  Individual  filters.  As  the  following  figures, 

33  thro\jgh  34,  show  not  all  of  the  filters  begin  to  write  at  the  Bam** 
signal  level.  This  sensitivity  effect  Is  most  noticeable  when  viewing 
the  noise  background,  which  shows  light  and  dark  lines  Instead  of  uniform 
gray  lines.  This  effect  can  be  eliminated  by  a  modification  of  the  d.c. 
anqjllflers  In  the  filters  and  recorder,  but  was  not  done  on  the  prototype 
because  of  the  time  required  to  make  the  change. 

Since  the  main  use  of  the  comb  was  for  tracking  satellites,  tests 
were  made  for  specific  satellite  tracking  problems,  as  well  as  general 
problems.  The  following  figures  show  simulated  satellite  signals  as 
well  as  actxial  satellite  signals  obtained  from  field  station  magnetic 
tape  records.  In  Figures  23  throxigh  34  the  paper  was  moving  vertically 
at  0.1  Inch  per  second,  so  the  vertical  axis  represents  time.  The  pens 
are  spaced  horizontally  across  the  paper  and  each  pen  Is  connected  to  a 
filter,  the  filters  being  spaced  20  cps  apart.  Each  presentation  is 
then  a  frequency  versus  time  graph.  A  total  of  120  filters  were  used  in 
the  tests,  giving  a  total  range  from  2  kc  to  4.4  kc. 

Simulated  Signals 

As  mentioned  in  the  previous  section,  the  relation  of  the  noise  level 
to  the  threshold  level  Is  determined  by  the  type  of  recording  system  to  be 
used  with  the  filter.  The  first  test  was  to  determine  the  optimum  noise 
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level  for  maximum  slgnal-to-nolse  ratio,  as  Is  shown  In  Figure  23.  Signal 
was  mixed  with  noise  and  applied  to  the  Input  of  the  filter.  The  noise 
level  was  maintained  fixed  while  the  frequency  of  the  Input  sine  wave  was 
varied  from  2  ke  to  4.4  ke.  During  the  sweep,  the  aiiq>lltude  of  the  sine 
wave  was  varied  In  aiiq)lltude  In  three  steps,  which  divide  the  Bveep  Into 
three  equal  parts.  The  sine  wave  anq>lltude  stepc  used  were  -  2J  db,  -30  db, 
and  -33  db  with  inspect  to  the  noise  In  all  cases.  The  noise  levels  were 
from  100  millivolts  to  23O  millivolts  as  shown  In  the  figure.  By  Inspection 
of  Figure  23  It  Is  easy  to  see  that  the  I30  millivolt  noise  level  Is  optimum. 
These  tests  were  made  using  a  20  Ice  bandwidth  noise  source  and  the  10  cps 
filters.  With  this  combination,  and  Input  slgnal-to-nolse  of  -33  db  would 
provide  a  post  filter  slgnal-to-nolse  ratio  of  one.  It  Is  seen  that  at  the 
130  miUlYOlt  noise  level  some  points  are  still  readable  at  the  -33  db  sine 
wave  level.  With  noise  levels  above  I30  millivolts  the  system  becomes 
saturated  with  the  noise,  and  at  lower  levels  the  system  becomes  less 
sensitive.  However,  In  the  scanning  beam  antenna  tracking  system,  which 
provides  fewer  data  points,  it  would  not  be  i>osslble  to  read  the  data  at 
the  optimum  sensitivity  noise  level.  There  would  be  hundreds  of  noise 
points  for  each  data  point.  In  the  Interest  of  trying  to  anticipate  the 
loss  of  sensitivity  associated  with  fewer  data  points.  Figure  24  shows 
higher  post  filter  Slgnal-to-nolse  ratios.  Figure  24  Is  similar  to  Figure  23 
except  that  the  noise  levels  vary  from  100  mv  to  70  mv  and  tl^e  signal  levels 
vary  from  -21  db  to  -30  db.  In  the  scanning  beam  system,  data  points  wovild 
have  been  obtained  every  I3  seconds  or  I.3  Inches  apart  on  the  graph  i>aper. 

If  one  used  the  crlterlcm  that  there  should  be  approximately  the  same  number 
of  data  i)olnts  as  there  are  noise  points  then  the  JO  mv  noise  level  with  a 
-21  db  sine  wave  level  would  be  about  the  right  choice.  This  Is  9  less 
sensitive  than  the  optimum  case  which  was  anticipated. 

One  very  Inportsint  featiire  Is  the  resjjonse  of  the  filter  to  a  signal 
with  a  high  rate  of  change  of  frequency.  Tests  were  run  on  the  comb  filter 
to  Indicate  the  minimum  usable  signed  for  a  given  rate  of  change  of 
frequency  In  cps/s.  The  results  are  shown  in  Figure  25.  It  Is  Interesting 
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to^note  that  a  loss  of  sensitivity  did  not  occur  until  a  rate  exceeding 
Af  was  reached,  and  that  rates  in  excess  of  100,CXX)  cpa/s  could  be  seen 
with  a  slgnal-to-nolse  ratio  of  one  at  the  input  to  the  filter. 

The  next  test,  shown  in  Figure  26,  was  with  various  signal  levels  to 
test  the  action  of  the  signal  AOC.  Signals  fi-om  -JO  db  to  +  6  db  with 
respect  to  the  noise  were  used.  The  AOC  performed  well  up  to  0  db.  At 
+  6  db  the  system  began  to  overload  as  Indicated  by  the  dark  traces  In 
the  background  noise.  Figures  27  and  26  show  the  action  of  the  AGO 
with  two  signals  present.  Figure  27  shows  a  strong  fixed  fl'equeney 
signal  at  -6  db  level.  By  noting  the  background  noise  It  can  be  seen 
that  this  signal  Is  strong  enough  to  cut  off  the  noise  from  l8  filters 
and  the  chart  ai)pears  clear  on  both  sides  of  the  strong  signal.  The 
second  signal  Is  a  sweeping  frequency  with  anq>lltude  levels  from  -12  db 
to  -JO  db.  It  can  be  seen  that  the  stronger  signal  at  -12  db  overrides 
the  cutoff  action  of  the  -6  db  fixed  signal,  but  the  weaker  does  not. 
Figure  28  shows  two  signals  crossing  simulating  the  data  from  two 
satellites  tracked  simultaneously.  Since  they  are  at  the  same  amplitude 
all  of  the  X)olnts  sure  readable  on  both  curves. 

Satellite  Signals 

Ihirlng  the  time  that  the  satellite  fence  was  in  operation,  many 
active  and  passive  satellite  signals  were  recorded  on  magnetic  tape. 

These  magnetic  tapes  were  used  to  produce  the  chart  records  shown  In 
Figures  29  through  J4.  As  a  means  of  conqparlson  with  the  methods  used 
at  the  APRA  stations,  chart  records  are  shown  of  the  same  satellite 
passes  that  were  tracked  with  the  ALO-tracklng  filter  combination. 

Section  "A"  of  each  figure  Is  the  record  made  with  the  comb  filter,  and 
section  "B"  Is  the  ALO-tracklng  filter  record.  Figures  29  through  JJ 
show  satellite  i960  Delta  revolutions  124,  l4o,  I56,  165,  and  172. 

Figure  J4  shows  an  active  track  of  Jupiter  C  during  the  launch  phase. 

The  arrows  on  the  figures  Indicate  the  frequency  limits  of  the  tracking 
filter  records.  In  general,  the  comb  filter  tracked  the  signal  for  a 
longer  period.  This  was  expected  since  the  best  sensitivity  of  the  ALO 
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was  -21  db«  and  could  not  pick  vtp  the  signal  as  so<».  However,  after  a 
look  was  obtained  the  tracking  filter  was  independent  of  the  ALO  and 
its  sensitivity  was  identical  to  the  conb  filter. 

The  signals  on  the  tapes  had  a  frequency  range  from  2  kc  to  12  kc . 

It  was  necessary  to  mix  the  tape  signals  with  a  signal  from  an  oscillator 
to  provide  the  comb  filter  with  frequencies  in  the  2  kc  to  kc  range. 

Tests  with  siaulated  signals  on  the  nixer  indicated  a  6  db  loss  in  the 
S/M  ratio  as  a  result  of  the  aixlng.  Therefore,  in  cosqparlng  the  two 
types  of  records,  the  signal  level  for  the  comb  filter  should  always 
be  taken  as  6  db  less  than  that  for  the  ALO  record. 

Suamary 

The  test  records  of  simulated  and  actual  satellite  signals  show  that 
the  comb  filter  prototype  has  met  all  of  the  design  requirements.  If  this 
unit  had  been  expanded  to  the  full  conqtllment  of  1200  filters  it  wovild 
have  provided  an  effective  tracking  capability  for  the  scanning  antenna 
system.  This  model  has  proven  the  advantages  and  disadvantages  of  this 
type  of  system.  It  provides  an  excellent  answer  to  tracking  short  duration, 
high  rate  of  change  of  frequency  signals. 


RICHARD  L.  VITEK 
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FEEDBACK  VS  Q  MULTIPLICATION 
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amplified  delayed  A.6.C. 


A.6.C.  CONTROL  VOLTAGE  AND  THRESHOLD  GAIN  VS  A.C.  SIGNAL 
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DOPPLER  FREQUENCY  RECORD  OF  THE  LAUNCH  OF  EXPLORER  Z 
(St  ALPHA)  TRACKED  AT  ABERDEEN  PROVING  GROUND,  MO. 
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